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INTRODUCTION 
 
The objective of this project is to target carbon nanotubes (CNTs) to tumor cells and thermally ablate the cells by 
exploiting the ability of CNTs to absorb energy in regions of the electromagnetic spectrum that penetrate tissue and 
convert the energy to heat. 
 
 
 
 BODY 
 
Task 1. To attach MAb to CNTs. 
 
I. Non-Covalent Attachment of MAbs to CNTs Adsorbed with Biotinylated Fatty Acid Conjugates 
This is a 2-step procedure that involves CNTs dispersion with biotinylated polar lipids, preparation of neutravidin-
derivatized targeting MAb followed by their coupling. 
 
CNT Dispersion by Biotinylated Polar Lipids. Single-walled CNTs (HiPco) were dispersed in 166 µM 1, 2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol) 2000] (DSPE-PEG(2000)-biotin) by  
sonication. DSPE-PEG-biotin excess was removed by two times centrifugation for 15 min at 90,000 x g.  The pellet 
was resuspended in 1 ml of DI water.  The samples were then centrifuged two times for 10 min at 16,000 x g at 
room temperature and the upper 50% of the supernatant containing the biotinylated CNTs (B-CNTs) was recovered. 
 
The resulting B-CNT suspension contained 0.06 mg CNT/ml and ≤ 3 parts per million metals, as determined by 
thermal gravimetric analysis (TGA).  The dispersions were stable and did not aggregate at room temperature for 
over 120 days.  Atomic force microscopy (AFM) analysis demonstrated that the suspension was homogenous the 
CNTs were either individually dispersed or in small bundles.  The lengths of the CNTs ranged from 0.2 to 1.4 μm 
with an average of 0.59 μm (Fig. 1a).  Analysis by transmission electron microscopy (TEM) of the B-CNT samples 
probed with gold-labeled goat anti-biotin demonstrated that biotin was distributed along the entire surface of the B-
CNT (Fig. 1b).  The biotin content of the B-CNT dispersion was determined by competitive enzyme-linked 
immunosorbent assay (ELISA).  This was accomplished by adding dilutions of the B-CNT dispersion to biotin-
horseradish peroxidase (HRP) and plating them onto neutravidin (NA)-coated plates. The amount of HRP-labeled 
biotin was detected by the development of color in the presence of the 2, 2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) substrate.  Using this assay, we found that the content of biotin was 0.02 mmol per gram of 
B-CNT.  The UV-Vis-NIR spectra of the B-CNTs confirmed the quality of these dispersions with the presence of 
electronic transitions between van Hove singularities suggesting that the optical properties of the CNTs were 
maintained following the adsorption of DSPE-PEG-biotin (Fig. 1c).  The Raman spectra of the B-CNTs showed a 
number of well characterized CNT resonances such as the tangential (G-band) peak at 1590 cm-1, confirming the 
presence of CNTs in the sample (Fig. 1d).  
 
Preparation of MAb-NA Conjugates.  To couple the B-CNTs to MAbs, we used a modified protocol.  Briefly, 10 mg 
of IgG anti-CD22 (RFB4) or anti-CD25 (RFT5) in 1 ml of 0.15 M borate buffer, 0.1 mM EDTA, pH 8.5 were 
thiolated by incubation for 1 h at room temperature with a 20:1 molar excess of Traut’s reagent.  After incubation, 
the reaction was quenched with 0.1 M glycine. In parallel, 10 mg of NA dissolved in 1 ml of 0.01 M PBS, 0.1 mM 
EDTA, pH 7.4, were activated by 30 min incubation at room temperature using a 6:1 molar excess of MBS.  
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The unreacted Traut’s reagent and MBS were removed by gel-filtration on Sephadex G-25 columns in 0.01 M PBS, 
0.1 mM EDTA, pH 7.4.  The thiolated MAb was conjugated to the activated NA at a molar ratio of 1:2 for 2 h at 
room temperature with gentle shaking.  The resultant conjugate was purified by gel-filtration on a Sephacryl S-300 
HR column (GE Healthcare) using 0.1 M PBS, 0.05% Tween-20, pH 7.4  (Fig. 2a).  The protein concentration in the 
purified conjugate was quantified using the bicinchoninic acid (BCA) protein assay (Pierce Endogen). The size and 

integrity of the conjugate was analyzed by western blot. The samples were electrophoresed on a 7.5% non-
denaturing polyacrylamide gel and transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories, 
Hercules, CA), probed with HRP-labeled sheep anti-mouse IgG, and visualized using an enhanced 
chemiluminescence system (GE Healthcare) (Fig. 2b). 
 

Figure 1. Analysis of the dispersed CNTs. The CNTs were dispersed by sonication in the presence of DSPE-PEG-
biotin then washed/centrifuged twice at 90,000xg and twice at 16,000xg. The last supernatant that contains the 
dispersed CNTs was collected. A. Atomic force microscopy (AFM) indicates a good dispersion of the CNTs. B. 
TEM images of B-CNTs show uniform distribution of biotin after immunodetection with gold-labeled anti-biotin. C.
UV/Vis spectra of CNT dispersions show multiple well-defined peaks compared to the spectra of the initial bundled 
CNTs. D. Raman spectra indicates a strong G band signature (1590 cm-1), a diagnostic for CNTs, and a very low D 
band signal (1350 cm-1), indicative of amorphic carbon structures.  
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To determine whether B-CNTs were inherently cytotoxic (in the absence of NIR), cells from the IgM+ CD22+CD25- 

Burkitt’s lymphoma cell line Daudi, were incubated for 24 h with up to the highest amount of B-CNTs used in the 
binding and killing assays (3.6 μg).  No toxicity was observed using a [3H]-Thymidine incorporation assay (data not 
shown). 
 
Preparation, purification, and analysis of noncovalent MAb-CNT complexes.  Fresh MAb-CNTs were prepared 
immediately before use by mixing B-CNT with MAb-NA in a 1:2 (w/w) ratio. The mixture was placed on a rocker 
for 35 min at room temperature and vortexed gently every 5 min.  After coupling, the mixture was centrifuged for 5 
min at 16,000 x g at 4°C, the supernatant containing unreacted MAb-NA was discarded, and the pellet was 
resuspended in 40 µl of PBS for every 3.6 μg B-CNT and used immediately. 
 
 
II. Covalent Attachment of MAbs to carboxyl-functionalized CNTs 

In this approach we used carboxyl-functionalized CNTs to which we covalently coupled targeting MAbs. Carboxyl-
functionalized CNTs (0.5 mg) were dispersed in 1 ml of 0.1 M 2-[N-morpholino]ethane sulfonic acid (MES) buffer, 
pH 4.5 with 0.2% Tween-20 (activation buffer) by sonication with a 2 mm probe tip connected to a Branson Sonifier 
250 (VWR, West Chester, PA) for 5 min at a power level of 10 W, with the sample immersed in ice.  The mixture 
was then centrifuged at 16,000 x g for 15 min to remove undispersed material.  The supernatant containing the 
dispersed CNTs was recovered.  The carboxyl groups on the CNTs were activated by incubation for 30 min at room 
temperature with 2 mM EDC and 5 mM NHS.  The excess reagents were removed by centrifugation in Amicon 
Ultra-4 centrifugal filter unit (Millipore, MA) and rinsed with binding buffer (0.1 M PBS, pH 7.2 with 0.2% Tween-
20).  The activated CNTs were recovered in 1 ml binding buffer and reacted with 10 mg IgG anti-CD22 (RFB4) or 
IgG anti-CD25 (RFT5) MAbs for 2 h at room temperature by gentle rocking.  The control for covalent coupling was 
a mixture of MAbs and non-activated, carboxyl-functionalized CNTs.  The unreacted MAbs were removed by 
centrifugation at 16,000 x g for 30 min.  The supernatant containing unreacted MAb was discarded, and the pellet 
was resuspended and washed twice in 1 ml of phosphate buffered saline (PBS) buffer (10 mM, pH 7.4).  After each 
wash, the CNTs were briefly sonicated for 10 seconds at a power level of 10 W.  The amount of CNT-bound MAbs 
was quantified using the bicinchoninic acid (BCA) protein assay (Pierce Endogen) and the CNT concentration was 
determined by the absorbance at 808 nm using a DU-730 Beckman-Coulter UV/Vis spectrophotometer (Fullerton, 
CA). In order to directly visualize the binding of MAb-CNTs to target cells, CNTs were conjugated to both MAb 
and enhanced green fluorescent protein (EGFP).  For the coupling reaction 10 mg MAb and 100 μg EGFP were 
reacted with activated CNTs as mentioned above.  

 

Relationship to the work of others: The first critical challenge in the field of targeted CNTs is to create soluble 
and stable CNTs that retain both the specificity of the targeting moiety and the thermal activity of the CNTs even in 
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Figure 2. Analysis of MAb-NA conjugates. (a) A typical chromatographic separation of RFB4-NA from 
unconjugated RFB4 and NA using a Sephacryl S-300 HR column. Fractions of the first peak containing the 
RFB4-NA conjugate were pooled and concentrated. Inset: Purified RFB4-NA, RFT5-NA or MAb were 
electrophoresed under non-denaturing conditions on a 7.5% polyacrylamide gel and immunoblotted with HRP-
labeled sheep anti-mouse IgG.  Data in a and b are representative of at least three independent experiments. 
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serum at physiological temperatures.  Our strategies involved noncovalent attachment of targeting moiety consisting 
of MAb-NAs to the dispersed biotinylated CNTs (non-covalent MAb-CNTs) and chemical link of the targeting 
MAb to carboxyl-functionalized CNTs (covalent MAb-CNTs). The first approach gave us the flexibility to 
“assemble” the targeted CNTs using any tumor-binding MAb. Also, the strategy of generating dispersed CNTs using 
biotinylated polar lipids has the advantage of preventing subsequent chemical treatments that remove the adsorbed 
polar lipids and/or destroy the optical properties of CNTs.  Of equal importance is the specificity of the targeting 
strategy. Thus, previous studies have demonstrated that folic acid -coated CNTs could be targeted to folate receptor 
(FR)-positive cells and that NIR light killed the cells (1).  Although FR-negative cells were used as a control, CNTs 
coated with an irrelevant control peptide or ligand were not.  Another published approach for targeting CNTs to cells 
was to attach MAbs by direct adsorption that can be used in photothermal therapy (2) or imaging (3). However, 
attachment of MAbs by direct adsorption on CNTs involves a potential loss of the targeting function of the MAbs 
and indeed in the study cited, specificity controls were not reported, and cell viability studies showed 50% collateral 
damage by the irrelevant MAb-CNT control following exposure to NIR light (2). 
 
The potential cytotoxicity of CNTs has been of concern for their use for therapy. One of the major challenges is to 
minimize their nonspecific interaction with serum proteins and/or cells and tissues and increase their half-life in the 
circulation.  In previous reports, this was achieved by coating CNTs with biocompatible compounds, such as 
hydrophilic uncharged polymers including poly-(ethylene glycol) (PEG). Pharmacokinetics studies with such coated 
CNTs have demonstrated that CNTs dispersed by different noncovalent procedures are not toxic to mice (4-6).  

Moreover, carboxyl functionalization, as we used in our second approach, increases their solubility and decreases 
their cytotoxicity (7).  In our study, the viability of cells cultured with non-binding MAb-CNTs was 
indistinguishable from that of cells grown in the absence of CNTs. 

 

 
Task 2. To purify the MAb-CNT constructs thus removing unconjugated NA-MAb or biotinylated 

intermediates that might interfere with subsequent targeting studies.  The physical-chemical 
properties of the MAb-CNTs will also be characterized to determine particle size using TEM and 
atomic force microscopy (AFM). 

 

I. Analysis of noncovalent MAb-CNT conjugates.   

The UV-Vis-NIR spectra of the MAb-CNT conjugates displayed the same metallic and semi-conducting CNT types 
as observed for the B-CNTs, indicating that the optical properties of the CNTs were not affected by the coupling 
(Fig. 3a), and the characteristic CNT resonances displayed in the Raman spectra of the MAb-CNTs again confirmed 
the presence of CNTs in the sample (Fig. 3b). 
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Figure 3.  Optical properties of CNTs following coupling with MAbs.  (a) UV-Vis-NIR spectra of RFB4-
CNTs show the same metallic and semi-conducting CNT types as observed for the B-CNTs, indicating the 
retention of the optical properties of CNTs following the coupling with RFB4-NA.  (b) Raman spectra of 
RFB4-CNTs show an intense G band (~1590 cm-1) as the B-CNTs, indicating the presence of CNTs in the 
conjugate. The spectra are representative of three independent experiments. 
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II. Analysis of covalent MAb-CNT conjugates.   

For AFM analysis, the samples were transferred into deionized water.  The dimensions of dispersed MAb-CNTs 
were determined using AFM.  Figure 4a shows a representative image of the CNTs after attaching them to RFB4.  
The dried MAb-CNT sample showed signs of cross-linking with lengths that ranged from 0.5 – 2.0 μm with an 
average length of 1.0 ± 0.3 μm (number of measurements, n = 19).  The lengths of the carboxylated-CNTs ranged 
from 0.2 – 1.5 μm with an average length of 0.7 ± 0.3 μm (n = 31) (data not shown).  The diameters of the MAb-
CNTs ranged from 9.0 – 20.0 nm with an average diameter of 12.3 ± 2.5 nm (n = 20).  The diameters of the 
carboxylated-CNTs ranged from 2.8 – 9.0 nm with an average diameter of 5.9 ± 1.8 nm (n = 20), indicating a 
surface coating of the Tween 20 surfactant.  Comparing the diameters of the carboxylated-CNTs with those of the 
RFB4-coupled CNTs suggests that the average 6nM increase in diameter can be attributed to the presence of the 
MAb. The AFM images confirm the formation of the RFB4-CNT conjugate, although the nature of the linkage 
could be covalent and/or non-covalent. In order to confirm that the linkage was covalent, the MAb-CNTs were 
dispersed in sodium dodecylsulfate (SDS) and electrophoresed on a 7.5% polycrylamide gel electrophoresis (PAGE) 
under nonreducing conditions.  The control sample contained a mixture of equivalent amounts of CNTs and MAb.  
As shown in Fig. 4b, no IgG was detected in the RFB4-CNT samples, demonstrating that the CNT-bound IgG 
remained in the loading well attached to CNTs.  In contrast, a MAb band was detected in the “mixture” control.  
Taken together, these data indicate that the linkage between the MAbs and the CNTs was covalent. We next 
determined if the optical properties and structure of the CNTs were affected by the covalent coupling.  Pertinent to 
their use in photothermal therapy, the UV-Vis-NIR spectrum indicated that CNTs preserve their absorption in the 
NIR region (Fig. 4c).  The resonant Raman scattering analysis indicates the quality of CNTs in the conjugate (Fig. 
4d). Indeed, the RFB4-CNT conjugate exhibited the characteristic G band at ~1590 cm-1 derived from graphitic 
carbons.  The high intensity of the G-band, assigned to the tangential mode of the graphene sheet, compared with the 
D-band (~1370 cm– 1), ascribed to the Raman mode of the amorphous carbon, indicated the high purity of the 
sample. 

  
Relationship to the work of others: The use of biotinylated phospholipids to non-covalently coat and disperse 
CNTs has the advantage of not disrupting the electronic structure of the CNTs.  However, there is a potential 
limiting factor in using these CNTs in animals because non-covalently attached lipid material might be displaced by 
other macromolecules in biological fluids, resulting in the removal of the targeting moiety (4). The chemical and 
binding stability of the MAb-CNT conjugates as well as their stability in serum are important to establish before 
using them in vivo.  For this reason, we tested an alternative strategy where the targeting molecule was covalently 
coupled to the CNTs.  In order to do this, we used the carboxylic acid groups on chemically oxidized CNTs, which 
have the advantage of well-described chemistry (8-11).  A potential disadvantage is that covalent modification of 
CNTs may interfere with the electronic and optical properties of the CNTs.  However, previous reports (12) 
indicated that water-soluble, mildly carboxylic acid-modified CNTs obtained by oxidative pretreatments retain their 
van Hove singularities which are critical for the absorption of NIR light. Previous reports have demonstrated that an 
anti-CD20 MAb covalently coupled to CNTs retained both linkage stability and specific targeting (13). These 
conjugates were used to deliver radionuclides to tumor cells in vivo and not for their ability to convert NIR light to 
heat,  Since the chemistry of MAb attachment involved a sidewall ylide cycloaddition followed by 2-(4-
isothiocyanatobenzyl)-1, 4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic (DOTA) and succiminidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxy-(6-amidocaproate rather than direct attachment to terminal carboxyl 
groups, the photothermal property of the CNTs might have been compromised.   Indeed, one of the major concerns 
with the covalent attachment of targeting ligands is that chemical stability can increase at the expense of 
photothermal efficacy due to the defects in the sp2 hybridization of the CNTs induced by chemical functionalization.  
It has been noted that the Raman profile and NIR absorption of CNTs are significantly affected by their covalent 
modification (14).  However, we found that chemical coupling of the MAb to CNT did not destroy the optical 
properties critical for the conversion of NIR light into heat. 
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Task 3. To test targeting of MAb-CNTs to cells in vitro. 
 

I. Specific binding of noncovalent MAb-CNT conjugates.   
 
The ability of the MAb-CNT conjugates to bind to antigen-positive but not antigen- negative target cells was 
assessed by flow cytometry.  The components of the cell-bound MAb-CNT were detected using fluorescein-
isothiocyanate-labeled goat anti-mouse Ig (FITC-GAMIg) (which reacts with mouse MAb) and phycoerythrin-
labeled streptavidin (PE-SA) (which reacts with biotin), respectively.  We found that RFB4-CNT and RFB4 
(positive control) bound equally well to Daudi cells whereas RFT5-CNT (negative control) bound poorly (p< 0.001) 
(Fig. 5a).  Conversely, RFT5-CNT and RFT5 bound equally well to CD22-CD25+ phytohemagglutinin (PHA)-

Figure 4.  Physical and optical properties of RFB4-CNTs.  (a) AFM image indicating the attachment of MAbs 
to CNTs.  The enlarged inset shows where the MAbs are attached to the CNTs (arrowheads). The diameter of a 
coated region (~16 nm) is determined by AFM height analysis (bottom panel).  This AFM image is representative 
of AFM images acquired from two unique MAb-CNT dispersions. (b) Stability of RFB4-CNTs. Purified RFB4-
CNTs or a mixture of carboxylated CNTs and RFB4 (control) were subjected to SDS-PAGE. Samples containing 
3 or 5 µg CNTs were loaded on the gel. The stacking gel shows the accumulation of CNTs whereas dissociated 
IgG migrated into the gel. The presence of dissociated protein was detected by staining with SimplyBlue 
SafeStain. (c) UV-Vis-NIR spectrum of RFB4-CNTs. (d) Raman spectrum of the carboxylated CNTs after 
covalent coupling of MAb. G band at ~1590 cm-1 is the characteristic Raman signal for CNTs. One representative 
experiment of three is shown in each panel. 
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activated peripheral blood mononuclear cells (PBMCs) (95% CD25+ cells), whereas the negative control conjugate, 
RFB4-CNT, did not (p < 0.002) (Fig. 5b).  These results demonstrate that the coupling of the MAbs to CNTs does 
not alter their MAb-binding activity and that the MAb-CNTs bind to antigen- expressing cells as specifically as the 
uncoupled MAbs. 
 

 
 
II. Specific binding of the covalent MAb-CNT conjugates. 
 
 
We determined the ability of these MAb-CNT conjugates to bind to antigen+ but not antigen- target cells using flow 
cytometry.  The cell-bound MAb-CNTs were detected using FITC-GAMIg.  We found that RFB4-CNTs bound well 
to Daudi cells whereas the RFT5-CNTs (negative control) bound poorly (Fig. 6a and b).  Conversely, RFT5-CNTs 
and RFT5 bound equally well to CD22-CD25+ PHA-activated PBMCs (95% CD25+ cells), whereas the negative 
control conjugate, RFB4-CNT, did not (Fig. 6a and b).  Additional experiments using non-activated, carboxyl-
functionalized CNTs incubated with targeting antibody (control) indicated no detectable binding to cells (data not 
shown). This indicates that CNTs are free of adsorbed MAb.  Taken together, these results demonstrate that the 
MAb-CNTs bind specifically to antigen- expressing cells.  The binding to target cells was confirmed by flow 
cytometric analysis of the CNTs co-coupled to targeting MAb and EGFP (Fig 6c, left panel) and fluorescence 
microscopy (Fig 6c, right panel).  The extensive binding and receptor cross-linking was confirmed by the massive 
homotypic adhesion of cells (Fig 6c, right panel).  
 
The stability of the MAb-CNT conjugate was established by incubating RFB4-CNTs (1 μg CNTs) in 500 μl mouse 
serum at 37°C for up to 24 h.  At the end of incubation, the RFB4-CNTs were recovered by centrifugation and then 
tested for their ability to bind to CD22+ Daudi cells, using RFT5-CNT as negative control.  As shown in Figure 7, 
we found that their binding was not diminished. 
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Figure 5. Binding of MAb-CNTs to target cells.  The specific binding of RFB4-CNT to Daudi cells using 
RFT5-CNT as a negative control and the specific binding of RFT5-CNT to activated PBMCs (>95% T 
cells) using RFB4-CNT as negative control. A million cells were incubated with saturating concentrations 
of RFB4-CNT or RFT5-CNT and then incubated with either FITC-GAMIg to detect the MAb moiety or 
with PE-SA to detect the B-CNT moiety and analyzed by flow-cytometry.  
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Relationship to the work of others: The targeting of CNTs to tumor cells can be accomplished by coating them 
with cell-binding ligands such as peptides or MAbs (1-3,15,16).  Several studies have reported that the targeting of 
such CNTs is “specific” (1-3,13,15,16) but no study has used both a control ligand and a control cell to convincingly 
demonstrate ligand-specific thermal ablation of tumor cells with CNTs. In our study we provided clear evidence of 
specific binding to target cells with both types of MAb-CNTs. 
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Figure 6.  Specific binding of MAb-CNTs to target cells. (a) Daudi cells or PHA-activated human PBMCs 
were stained with either RFB4-CNTs or RFT5-CNTs (1 µg CNT) followed by FITC-GAMIg and cells were 
analyzed by flow cytometry.  Histograms showing the staining with RFB4-CNTs (blue line) and RFT5-
CNTs (red line) are overlaid on the ones corresponding to unstained cells (grey line) in each panel. (b) The 
results of three independent binding experiments are presented as means of % positive cells ± SD. The
binding of MAb-CNTs to target vs. non-target cells was highly specific (p<0.01) (c) The binding of RFB4-
CNTs to Daudi cells was confirmed by direct fluorescence using CNTs co-conjugated to RFB4 and EGFP. 
Cell binding was revealed by flow-cytometry (left panel) and fluorescence microscopy (right panel). 
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Task 4. To assess the thermal ablation of the tumor cells in the model cell systems upon exposure to NIR 
light or RF waves. 

 
I. Thermal ablation of target cells by noncovalent MAb-CNT conjugates upon exposure to NIR. 
Having demonstrated that the MAb-CNT conjugates retained the binding activity of the MAb and the optical 
properties of the CNTs, we next determined whether cells targeted by the MAb-CNTs could be thermally ablated 
following exposure to NIR light.  Cells were incubated with the MAb-CNTs in PBS, washed 3 times with PBS and 
then dispensed into 96-well plates in cell culture media.  The cells in the plate were exposed to an 808 nm laser (5 
W/cm2) for 7 min and pulsed for the next 12 h with 1 µCi [3H]-Thymidine to assess cell viability.  As shown in Fig. 
8a, as compared to treatment with the non-binding RFT5-CNTs, the viability of the RFB4-CNT-treated Daudi cells 
was significantly reduced following exposure to NIR light (p<0.0001).  Conversely, when activated PBMCs were 
used as target cells, RFT5-CNT, but not RFB4-CNT, killed the cells following exposure to NIR light (p<0.0001) 
(Fig. 8b).  These experiments demonstrate that the binding of the MAb-CNTs to their respective antigen-positive 
target cells leads to their specific ablation following exposure to NIR light. 
 
Thermal ablation of target cells by covalent MAb-CNT conjugates upon exposure to NIR. 
 

We tested whether cells targeted by the covalent MAb-CNTs could be thermally ablated following exposure to 
NIR light.  Cells were incubated with the MAb-CNTs in PBS and after the excess unbound CNTs were removed, 
cells were suspended in culture medium and dispensed into 96-well plates.  The cells in the plate were exposed to an 
808 nm laser (9.5 W/cm2) for 4 min and pulsed for the next 12 h with 1 µCi [3H]-Thymidine to assess their 
proliferative capacity, which is our standard method to measure cell viability.  As compared to the non-binding 
control RFT5-CNTs, the viability of the RFB4-CNT-treated Daudi cells was significantly (p<0.01) reduced 
following exposure to NIR light (Fig 9a). Conversely, when activated PBMCs were used as target cells, RFT5-
CNTs, but not the control RFB4-CNTs, killed the cells following exposure to NIR light (Fig. 9b).  The selective 
photothermal damage responsible for the inhibition of proliferation was confirmed under light microscopy as the 
loss of morphological integrity in Daudi cells pretreated with RFB4-CNT (Fig. 10b) but not in untreated or control 
treated cells (Fig. 10a and c). The proliferation of cells treated with MAb-CNTs in the absence of NIR was 
significantly lower (p<0.05) than the proliferation of untreated cells (Fig 9a and b).  This may be due to an 
extensive cross-linking of the target antigen by the CNT-bound MAbs and subsequent signaling of growth arrest 
and/or apoptosis.  This possibility is supported by the observation that cells undergo massive clustering.  Indeed, 
Daudi cells pretreated with RFB4-CNTs formed “tissue-like” structure of aggregates with large contact areas after 
12 h of incubation (Fig. 10e). In contrast, no aggregates (Fig. 10f) and no inhibition of cell proliferation (Fig. 9a) 
occurred when cells were treated with control RFT5-CNTs. These indicate that the homotypic adhesion and the 
concurrent inhibitory effect are receptor-dependent and do not involve any CNT-mediated nonspecific adhesion.  
These experiments demonstrate that the binding of the MAb-CNTs to their target cells leads to their specific ablation 
following exposure to NIR light and the overall inhibitory effect is further enhanced by receptor hyper-crosslinking. 
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Figure 7.  Binding stability of RFB4-CNTs. The stability of the RFB4-CNTs in vitro was determined by 
incubating them (1 μg CNT) in mouse serum at 37oC for 0, 4 and 24 h.  At each time point, the RFB4-CNTs 
were recovered by centrifugation, washed with PBS and incubated with Daudi cells and the positive binding 
detected by flow-cytometry.  Data represent mean ± S.D. of at least three independent experiments.  
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Figure 9. Specific killing of target cells by MAb-CNTs following exposure to NIR light.  A million 
cells were incubated with MAb-CNTs containing 3 μg CNTs in PBS for 15 min at 4°C.  Cells were 
washed three times with ice-cold PBS, and then 105 cells were dispensed in triplicate wells in a 96-well 
plate in 200 µl complete medium.  The cells were exposed to continuous NIR light for 4 min at 9.5
W/cm2.  Cell death was assessed by pulsing the cells for the next 12 h with 1 μCi [3H]-Thymidine/well 
and the incorporated radioactivity was measured by liquid scintillation counting.  The incorporated
radioactivity for each sample was calculated relative to the corresponding non-irradiated samples.  (a)
The specific killing of Daudi cells by RFB4-CNTs using RFT5-CNTs as the negative control.  (b) The 
specific killing of activated PBMCs (>95% T cells) by RFT5-CNTs using RFB4-CNTs as the negative 
control (*, p< 0.01; **, p< 0.05).  Data represent mean ± S.D. of at least three independent experiments.

Figure 8. Ablation of MAB-CNT coated cells with NIR.  The specific NIR-mediated thermal ablation of 
Daudi cells by RFB4-CNT using RFT5-CNT as negative control and of activated PBMCs (>95% T cells) by
RFT5-CNT using RFB4-CNT as negative control. Cells (106) were incubated with saturating concentrations of 
RFB4-CNT or RFT5-CNT, wash out the excess and then dispensed into 96-well plates (105 cells/well). The 
cells were exposed for 7 min to 808 nm NIR light (5 W/cm2), pulsed with 1Ci [3H]-Thymidine and harvested 
12 h later. The incorporated radioactivity was measured by liquid scintillation counting from triplicate 
samples. The percentage of radioactivity incorporated by each sample was calculated relative to corresponding
non-irradiated sample. Data represent mean ± S.D. of at least three independent experiments. P-values were 
calculated utilizing paired, two-tail distribution Student’s t-test.  
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Relationship to the work of others:  The use of NIR-resonant nanostructures, including gold nanoshells and CNTs, 
to thermally ablate cancer cells is being explored by several groups (1,2,17-20). The use of NIR light in the 700-
1100 nm range for the induction of hyperthermia is particularly attractive because living tissues do not strongly 
absorb in this range (16). The critical aspect for selective CNT-mediated thermal ablation of cells is to stably attach 
targeting moieties that will not interfere with the optical properties of the CNTs and yet retain targeting specificity. 
We found that CNTs attached to MAbs by covalent bonds could thermally ablate target cells with the same 
efficiency as CNTs attached to MAbs by non-covalent bonds. CNT conjugates described in this study are 
biocompatible with cells in vitro.  However, cells cultured with target-specific covalent MAb-CNTs did not 
proliferate as well due to receptor-mediated signaling of cell cycle arrest and/or cell death.  This has been observed 
previously using cross-linking MAbs specific for different B cell surface markers and is therefore not surprising (21, 
22). 
 
Task 5. To determine the biodistribution and pharmacokinetics of MAb-CNTs in mice with and without 

tumors. 
 
The final objective if this work is to determine the biodistribution and pharmacokinetics of these conjugates in mice. 
The model system is SCID mice bearing a s.c human B lymphoma. However, within the year allotted to this 
proposal there was insufficient time to finalize this task. A no-cost extension was therefore requested.  The data 
from these studies will provide key information for the future design of local and systemic ablation of tumors in 
mice. 
 
Quantification of noncovalent MAb-CNT conjugates in organ homogenates 
As a preliminary step for determining the biodistribution of the CNTs, we set up a sensitive technique to determine 
the concentration of CNTs in homogenates of various mouse organs. We chose to use the intrinsic 1590 cm-1 Raman 
G-band signature of the CNTs to detect them. The homogenates were placed in glass-bottom dishes and measured 
by Raman spectroscopy. The G band peak area was integrated from 1570 cm-1 to 1620 cm-1 and averaged for 
multiple spectra and then plotted against the concentrations of CNTs. A typical Raman shift plot for serial dilutions 
of CNTs in PBS is shown in Fig. 10a and the standard curve in Fig. 10b. Similar standard curves were generated 
using homogenates of mouse organs spiked with CNTs. To this end mice were sacrificed and perfused with saline. 
Organs were collected, lyophilized and then mechanically homogenized after digestion with collagenase followed 
by the addition of sodium dodecyl sulfate (SDS). Then, known amounts of CNTs were added to the tissue 

Figure 10. Morphological features of Daudi cells following treatment with MAb-CNTs and NIR 
irradiation. A million Daudi cells were incubated with or without MAb-CNTs containing 3 μg CNTs in PBS 
for 15 min at 4°C.  Cells were washed three times with ice-cold PBS, and then 2x105 cells were dispensed in a 
24-well plate in 400 µl complete medium.  The cells were exposed or not to continuous NIR light for 4 min at 
9.5 W/cm2.  Cell morphology was assessed 12 h later by light microscopy (Magnification, x40 in all panels). 
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homogenate. Two such standard curves generated for liver and spleen as shown in Fig. 10c and d. We were able to 
track the RFB4-CNTs in mice in different organs and at different time-points following injection. We found that the 
levels of the MAb-CNTs were the highest in the liver, where the levels did not fall following 60 hrs p.i. We detected 
the MAb-CNTs in the spleen and lung, where the levels remained steady for 60 hrs p.i. Levels of the RFB4-CNT 
were almost undetectable in the kidney as shown in Fig. 11. 
 
 

Figure 10. Standard Raman calibration curve of CNT solutions. (a) A typical Raman spectrum of CNT in PBS 
at different concentrations after subtracting background. (b) Standard curve for CNT concentration (G-band region 
intensity vs. CNT concentration) in PBS or (c and d) in lyophilized mouse liver and spleen tissue powder suspended
in surfactant solutions. 
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Figure 11. Organ distribution of RFB4-CNTs in mice as detected by the area under the G-band curve. 
Normal mice were injected i.v. with noncovalent MAb-CNTs. The animals were sacrificed at different time-
points after injection and their organs harvested, lyophilized and suspended in surfactant solutions. The levels 
of CNTs in the organs at different time-points were determined by Raman spectroscopy after subtracting the
background. The amplitude of the G-band was directly proportional with the level of CNTs.  
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Quantification of covalent MAb-CNTs in organ homogenates  
We found that MAb-CNT conjugates generated with carboxylated CNTs had a very weak G-band Raman signal 
compared to non-carboxylated CNTs used for the preparation of non-covalent MAb-CNT conjugates. To improve 
the sensitivity of detection of one covalent MAb-CNTs, we captured the MAb-CNTs and then detect the MAb-
CNTs with a radiolabeled antibody specific for the targeting MAb. In brief, we suspended mouse organs in SDS, 
sonicated them, and then prepared dilutions of covalent RFB4-CNTs. We then incubated the RFB4-CNTs with 
sheep anti-mouse coated magnetic beads (Dynabeads). After removing the unbound material, we incubated the 
beads with 125I-anti-RFB4 idiotype. Following the incubation, the beads were washed thoroughly and the 
radioactivity was measured in a gamma counter. As shown in Fig. 12b, we detected very low levels of MAb-CNT as 
compared with the amounts detected by Raman spectroscopy (Fig 12a). We also plan to develop an alternative 

Figure 12. Standard calibration curves for covalent MAb-CNTs in liver homogenates and PBS. (a)
Standard curve for MAb-CNTs in mouse liver homogenate using Raman spectroscopy. The curve was 
generated by plotting the area under the G-band curve against CNT concentration. (b) Standard curve for 
MAb-CNT in mouse liver homogenate using radioimmunoassay. Known concentrations of RFB4-CNTs 
dispersed in mouse liver homogenates were captured with sheep-anti-mouse-Ig-coated magnetic beads. The 
bound RFB4-CNTs were detected using 125I-anti-RFB4 and measured in a gamma counter. The curve was 
generated by plotting the bound cpm counts vs. CNT concentration. (c) Standard curve for rabbit-Ig-CNT in 
PBS using ELISA. ELISA plates were coated with mouse anti-fullerene IgG. Rabbit IgG covalently coupled 
to CNT was added to the plate at different dilutions. After removing the unbound material, the plate was 
incubated with horseradish peroxidase-labeled goat anti-rabbit-Ig, washed, and the tetramethylbenzidine 
substrate was added. The color intensity was measured in an ELISA reader at 450 nm. The curve was 
generated by plotting the A450 vs. CNT concentration 
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method that should allow us to directly quantify CNTs. We found reports where a MAb had been generated against 
fullerenes that crossreacts with CNTs and can be used as an immunodetection agent in an ELISA assay (23,24). We 
coated ELISA plates with this MAb (10 ug/ml) and then incubated the plate with increasing concentrations of MAb-
CNT. After removing the unbound material, we incubated the plate with goat anti-rabbit IgG coupled to horseradish 
peroxidase.  Detection was done in the presence of tetramethylbenzidine substrate and then read the absorbance at 
450 nm (Fig. 12c). Despite the cross-reactivity of the anti-fullerene MAb with carbon nanotubes, detection was 
poor. We are now working on the optimization of the method at this point. 
 
Relationship to the work of others: One of our detection methods takes advantage of the inherent Raman peak of 
the graphite structure in CNTs to quantitate them in different excised tissue samples without adding radioactive 
isotopes that could potentially influence their biodistribution. In addition, the modification of CNTs with DOTA 
(1,4,7,10-tetraazacyclododecane-1,4,7,10- tetraacetic acid) metal chelator is difficult to prepare; and the 
radiolabeling procedure can be costly and time-consuming involving unnecessary exposure to radiation. Our Raman 
imaging method is consistent with previous reports (5). 
 
We have attempted to develop additional methods of quantifying the amount of CNTs present in tissues. We are in 
the final stages of optimizing our methods using dynabeads and anti-fullerene monoclonal antibody. 
 
 
KEY RESEARCH ACCOMPLISHMENTS: 
 
CNTs attached to MAbs for targeting and photothermal ablation of tumor cells are:  
 

 Well-dispersed and retained their optical properties;  
 The MAb-CNT conjugates are chemically stable   
 The conjugates bound specifically to target cells and binding remained specific even after the MAb-CNTs 

were incubated in mouse serum;  
 Specifically targeted cells can be thermally ablated following exposure to NIR light. 

 
 
REPORTABLE OUTCOMES:   
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1. Chakravarty P, Marches R, Zimmerman NS, Swafford AD, Bajaj P, Musselman IH, Pantano P, Draper RK, 

Vitetta ES.  Thermal ablation of tumor cells with antibody-functionalized single-walled carbon nanotubes. 
Proc. Natl. Acad. Sci. USA. 105: 8697-702, 2008. 

 
2. Marches R, Chakravarty P, Musselman IH, Azad, R, Draper RK, Vitetta ES.  Selective thermal ablation of 
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CONCLUSION:   
 
The in vitro studies indicate a good selectivity of thermal ablation achieved with MAb-targeted CNTs following 
exposure to NIR light. The MAb-CNTs do not have any obvious inherent cytotoxicity and are relatively stable in 
mouse serum. The covalent MAb-CNTs might present an advantage over the noncovalent ones for in vivo treatments 
in terms of stability/specificity. However, final conclusions will be reached after the biodistribution, 
pharmacokinetics and animal toxicity tests are completed. 
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Single-walled carbon nanotubes (CNTs) emit heat when they ab-
sorb energy from near-infrared (NIR) light. Tissue is relatively
transparent to NIR, which suggests that targeting CNTs to tumor
cells, followed by noninvasive exposure to NIR light, will ablate
tumors within the range of NIR. In this study, we demonstrate the
specific binding of antibody-coupled CNTs to tumor cells in vitro,
followed by their highly specific ablation with NIR light. Biotin-
ylated polar lipids were used to prepare stable, biocompatible,
noncytotoxic CNT dispersions that were then attached to one of
two different neutralite avidin-derivatized mAbs directed against
either human CD22 or CD25. CD22�CD25� Daudi cells bound only
CNTs coupled to the anti-CD22 mAb; CD22�CD25� activated pe-
ripheral blood mononuclear cells bound only to the CNTs coupled
to the anti-CD25 mAb. Most importantly, only the specifically
targeted cells were killed after exposure to NIR light.

immunoconjugates � lymphoma cells � monoclonal antibodies �
nanotechnology � near infrared light

Despite the success of current treatments for several types of
cancer, all known treatments have major limitations. Con-

ventional chemotherapy or radiotherapy damage many cells, and
both have significant side effects. In addition, tumor cells
develop resistance to many chemotherapeutic agents (1), and
most chemotherapeutic drugs kill dividing cancer cells and not
dormant ones. To decrease nonspecific toxic effects and kill
nondividing cells, targeted therapies are being developed and
some have already been approved by the Food and Drug
Administration for use in humans. These include both small
molecules that target specific intracellular pathways in tumor
cells and mAbs that target molecules on their surface. Some of
these targeted agents are cytostatic and not cytotoxic, and they
are often given in combination with chemotherapy in an effort
to both lower the dose of chemotherapy required and hence
reduce side effects and achieve additive or synergistic effects.
With regard to mAbs, strategies include increasing cytotoxicity
by coupling them to drugs, radionuclides, toxins, drugs, or
prodrugs (2, 3). These agents (collectively called immunocon-
jugates) are potent, and three have been approved for human use
(4, 5). However, they also have side effects because they carry
toxic payloads. We and others have successfully tested the
antitumor activity of different agents, including signaling anti-
bodies and immunotoxins, alone or in combination with phar-
macological agents, in disseminated or solid human tumors
grown in immunocompromised mice (5–9). We have also tested
four different immunotoxins in humans (10–15). To optimize the
use of mAbs in cancer therapy, it is important to explore their
use with new types of payloads and carriers, including carbon
nanotubes (CNTs). The ability of CNTs to convert near-infrared
(NIR) light into heat provides an opportunity to create a new
generation of immunoconjugates for cancer photo-therapy with
high performance and efficacy. Moreover, hyperthermia has

been clinically used in the management of solid tumors because
it can synergistically enhance tumor cytotoxicity when combined
with chemotherapy or radiotherapy (16, 17). Hyperthermia also
preferentially increases the permeability of tumor vasculature
compared with normal vasculature, which can enhance the
delivery of drugs into tumors. Therefore, the thermal effects
generated by targeted CNTs may have important advantages.
Recent pharmacokinetic studies have reported that CNTs dis-
persed by different procedures lack nonspecific toxic effects in
mice (18–20).

The use of NIR-resonant nanostructures, including gold
nanoshells and CNTs, to thermally ablate cancer cells is being
explored by several groups (21–26). The use of NIR light in the
700- to 1,100-nm range for the induction of hyperthermia is
particularly attractive because living tissues do not strongly
absorb in this range (27). Hence, an external NIR light source
should effectively and safely penetrate normal tissue and ablate
any cells to which the CNTs are attached. The critical aspect for
selective CNT-mediated thermal ablation of cells is to stably
attach targeting moieties that will not interfere with the optical
properties of the CNTs and yet retain targeting specificity. The
targeting of CNTs to tumor cells can be accomplished by coating
them with cell-binding ligands such as peptides or mAbs (25, 26,
28–30). Several studies have reported that the targeting of such
CNTs is ‘‘specific’’ (25, 26, 29, 30), but no study has used both
a control ligand and a control cell to convincingly demonstrate
ligand-specific thermal ablation of tumors cells with CNTs.
Specificity is critical because nonspecific binding to antigen-
negative cells in vivo could cause major side effects, which has
been a confounding issue in the cancer targeting field for �25
years.

The aim of this study was to design and prepare an anti-CD22-
targeted CNT construct to ablate human Burkitt’s lymphoma
cells in vitro. Herein, we describe the physical properties of these
CNT constructs, their selective binding to tumor cells, and the
NIR-induced thermal ablation of the targeted tumor cells.
Importantly, both a control CNT construct and a control cell
were used to definitely prove specificity.

Results
Dispersion of CNTs. Well dispersed single-walled CNTs were
prepared by sonicating CNTs in the presence of 1,2-distearoyl-
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sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene
glycol) 2000] [DSPE-PEG(2000)-biotin], followed by centrifu-
gation to recover the biotinylated CNTs (B-CNTs). The resulting
B-CNT suspension contained 0.06 mg CNT/ml and �3 parts per
million metals, as determined by thermal gravimetric analysis
(TGA) and inductively coupled plasma mass spectrometry (MS)
(data not shown). The dispersions were stable and did not
aggregate at room temperature for �120 days. Atomic force
microscopy (AFM) analysis demonstrated that the suspension
was free of nontubular carbon structures and the CNTs were
either individually dispersed or in small bundles. The lengths of
the CNTs ranged from 0.2 to 1.4 �m with an average of 0.59 �m
(Fig. 1a). Analysis by transmission electron microscopy (TEM)
of the B-CNT samples probed with gold-labeled goat antibiotin
demonstrated that biotin was distributed along the entire surface
of the B-CNT (Fig. 1b). The biotin content of the B-CNT
dispersion was determined by using a competitive ELISA and
adding dilutions of the B-CNT dispersion to biotin-HRP and
plating them onto neutralite avidin (NA)-coated plates. The
amount of HRP-labeled biotin was detected by the development
of color in the presence of the 2,2�-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) (ABTS) substrate. Using this assay, we
found that the content of biotin was 0.02 mmol/g of B-CNT. The
UV-visible (Vis)-NIR spectra of the B-CNTs confirmed the
quality of these dispersions with the presence of electronic
transitions between van Hove singularities, suggesting that the
optical properties of the CNTs were maintained after the
adsorption of DSPE-PEG-biotin (Fig. 1c). The Raman spectra of
the B-CNTs showed a number of well characterized CNT
resonances such as the radial breathing mode region between
100 and 300 cm�1 (data not shown) and the tangential (G-band)
peak at 1,590 cm�1, confirming the presence of CNTs in the
sample (Fig. 1d).

To determine whether B-CNTs were inherently cytotoxic (in
the absence of NIR), cells from the IgM� CD22�CD25� Bur-
kitt’s lymphoma cell line Daudi were incubated for 24 h with up
to the highest amount of B-CNTs used in the binding and killing

assays (3.6 �g). No toxicity was observed using a [3H]thymidine
incorporation assay (data not shown).

Preparation of mAb-NA Targeting Moieties. To prepare the target-
ing agents, we coupled NA to mAbs. To this end, mouse IgG
anti-human CD22 (RFB4) or mouse IgG anti-human CD25
(RFT5) were thiolated with 2-iminothiolane (Traut’s reagent).
NA was activated with m-maleimidobenzoyl-N-hydroxysuccin-
imide ester (MBS). Then, the purified thiolated IgG was mixed
with MBS-activated NA at a 2:1 ratio as shown by preliminary
experiments to give the best yields as determined by the elution
profile of the resulting conjugate on a Sephacryl S-300 HR
column (Fig. 2a). The concentration of the mAb-NA conjugates
was determined by using the bicinchoninic acid assay (BCA).
Both mAb-NA conjugates were free of impurities as judged by
Western blot analysis (Fig. 2a). We next determined whether
these conjugates were cytotoxic to Daudi cells after incubation
of cells for 24 h with up to 10 �g/ml of RFB4-NA; cytotoxicity
was determined by [3H]thymidine incorporation. Similar con-
centrations of unconjugated RFB4 and NA were used as nega-
tive controls, and goat anti-IgM (which induces apoptosis of
Daudi cells) (31) was used as the positive control. We found that
the RFB4-NA conjugates were not cytotoxic, whereas (as pre-
dicted) the goat anti-IgM reduced [3H]thymidine incorporation
by �50% (Fig. 2b).

The specific binding of RFB4-NA and RFT5-NA conjugates
to CD22�CD25� Daudi cells and CD22�CD25� phytohaemag-
glutinin (PHA)-activated peripheral blood mononuclear cells
(PBMCs), respectively, was demonstrated by flow cytometry,
using either FITC-labeled goat anti-mouse Ig (GAMIg) or
FITC-biotin (data not shown for FITC-biotin). The latter was
confirmed by the ability of the cell-bound mAb-NA to bind to
B-CNT. Daudi cells were precoated with a saturating concen-
tration of RFB4-NA, washed, and incubated with increasing
amounts of B-CNTs. The RFB4-NA, but not the RFT5-NA
conjugate could target an average of 0.237 pg of B-CNTs per cell
(Fig. 2c).
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Fig. 1. Water-soluble CNTs functionalized with biotinylated polar lipids. (a) AFM image of B-CNTs shows CNTs coated by the biotinylated polar lipid,
DSPE-PEG-biotin. (b) TEM images of individual B-CNTs show uniform coverage of biotin after immunodetection with gold-labeled anti-biotin. (Inset) Higher
magnification of a B-CNT coated with gold-labeled antibiotin. (c) UV-Vis-NIR spectrum of B-CNTs show a number of metallic and semiconducting CNT absorbances
consistent with the presence of individual tubes. (d) Raman spectra of B-CNTs show an intense G band (�1,590 cm�1) indicating the presence of CNTs. In all cases,
one representative experiment of at least three independent experiments is shown.
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Preparation and Testing of mAb-CNT Complexes. We next prepared
the mAb-CNT conjugates by coupling the B-CNTs to either
RFB4-NA or RFT5-NA for 35 min at room temperature. After
the removal of the supernatant containing the unreacted mAb-
NA, the optical properties of the freshly prepared mAb-CNT
were tested. The UV-Vis-NIR spectra of the mAb-CNT conju-
gates displayed the same metallic and semiconducting CNT types
as observed for the B-CNTs, indicating that the optical proper-

ties of the CNTs were not affected by the coupling (Fig. 3a), and
the characteristic CNT resonances displayed in the Raman
spectra of the mAb-CNTs again confirmed the presence of CNTs
in the sample (Fig. 3b).

The ability of the mAb-CNT conjugates to bind to antigen-
positive but not antigen-negative target cells was assessed by flow
cytometry. The components of the cell-bound mAb-CNT were
detected by using FITC-GAMIg (which binds to mouse mAb)
and phycoerythrin-streptavidin (PE-SA) (which binds to biotin),
respectively. We found that RFB4-CNT and RFB4 (positive
control) bound equally well to Daudi cells, whereas RFT5-CNT
(negative control) bound poorly (P � 0.001) (Fig. 4a). Con-
versely, RFT5-CNT and RFT5 bound equally well to
CD22�CD25� PHA-activated PBMCs (95% CD25� cells),
whereas the negative control conjugate, RFB4-CNT, did not
(P � 0.002) (Fig. 4b). These results demonstrate that the
coupling of the mAbs to CNTs does not alter their mAb-binding
activity and that the mAb-CNTs bind to antigen-expressing cells
as specifically as the uncoupled mAbs.

Having demonstrated that the mAb-CNT conjugates retained
the binding activity of the mAb and the optical properties of the
CNTs, we next determined whether cells targeted by the mAb-
CNTs could be thermally ablated after exposure to NIR light. Cells
were incubated with the mAb-CNTs in PBS, washed three times
with PBS, and then dispensed into 96-well plates in cell culture
media. The cells in the plate were exposed to an 808-nm laser (5
W/cm2) for 7 min and pulsed for the next 12 h with 1 �Ci
[3H]thymidine to assess cell viability. As shown in Fig. 5a, as
compared with treatment with the nonbinding RFT5-CNTs, the
viability of the RFB4-CNT-treated Daudi cells was significantly
reduced after exposure to NIR light (P � 0.0001). Conversely, when
activated PBMCs were used as target cells, RFT5-CNT, but not
RFB4-CNT, killed the cells after exposure to NIR light (P �
0.0001) (Fig. 5b). These experiments demonstrate that the binding
of the mAb-CNTs to their respective antigen-positive target cells
leads to their specific ablation after exposure to NIR light.
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Fig. 2. Analysis of mAb-NA conjugates. (a) A typical chromatographic
separation of RFB4-NA from unconjugated RFB4 and NA using a Sephacryl
S-300 HR column. Fractions of the first peak containing the RFB4-NA conjugate
were pooled and concentrated. (Inset) Purified RFB4-NA, RFT5-NA, or mAb
were electrophoresed under nondenaturing conditions on a 7.5% polyacryl-
amide gel and immunoblotted with HRP-labeled sheep anti-mouse IgG. Data
in a are representative of at least three independent experiments. (b) A total
of 5 � 104 Daudi cells were incubated for 24 h with increasing amounts of the
RFB4-NA conjugate, and cytotoxicity was detected by [3H]thymidine incorpo-
ration. Similar concentrations of unconjugated RFB4 or NA were used as
negative controls, whereas 10 �g/ml goat anti-IgM was used as positive
control. Data represent mean � SD of three independent experiments. (c) One
million Daudi cells precoated with a saturating concentration of RFB4-NA
were incubated with increasing amounts of B-CNT. Saturating concentration
of RFB4-NA can target 0.237 pg of B-CNT per Daudi cell. No detectable B-CNT
binding was found on uncoated cells or cells precoated with RFT5-NA (con-
trol). Data represent mean � SD of three independent experiments.
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optical properties of CNTs after the coupling with RFB4-NA. The sharp feature
at 861 nm is caused by a grating and detector change associated with the
spectrometer. (b) Raman spectrum of RFB4-CNTs show an intense G band
(�1,590 cm�1) as the B-CNTs, indicating the presence of CNTs in the conjugate.
The spectra are representative of three independent experiments.

Chakravarty et al. PNAS � June 24, 2008 � vol. 105 � no. 25 � 8699

M
ED

IC
A

L
SC

IE
N

CE
S



Because we anticipate using these mAb-CNTs in vivo, it was
important to demonstrate that they retained activity in serum at
37°C. Therefore, the mAb-CNTs were incubated in mouse serum
at 37°C for 0, 24, 48, and 72 h. At each time point, the mAb-CNTs
were washed with PBS, incubated with Daudi cells, and irradi-
ated with NIR light in a procedure similar to the thermal
ablation described above. No loss in their ability to thermally
ablate Daudi cells was observed, even after 72 h in mouse serum
at 37°C (Fig. 5c).

Discussion
The first critical challenge in the field of targeted CNTs is to create
soluble and stable CNTs that retain both the specificity of the
targeting moiety and the thermal activity of the CNTs even in serum
at physiological temperatures. In this article, we demonstrate that
this can be accomplished. Our strategy involved the generation of
targeting moieties consisting of mAb-NAs attached to dispersed
biotinylated CNTs. The use of B-CNTs and mAb-NAs gives us the
flexibility to ‘‘assemble’’ the targeted CNTs by using any cell-
binding mAb. Second, the one-step strategy of generating dispersed
CNTs by using biotinylated polar lipids has the advantage of
preventing subsequent chemical treatments that remove the polar
lipids and/or destroy their optical properties. Of equal importance
is the specificity of the targeting strategy. Thus, previous studies
have demonstrated that folic acid-coated CNTs could be targeted
to folate receptor (FR)-positive cells and that NIR light killed the
cells (25). Although FR-negative cells were used as a control, CNTs
coated with an irrelevant ligand were not. In other studies, rArg-
Gly-Asp (RGD)-CNTs were used to deliver adsorbed doxorubicin
(29). These CNTs were also evaluated for in vivo biodistribution
(19), but control peptide-CNTs were not used to demonstrate
specificity. Another approach for targeting CNTs to cells is to
noncovalently attach mAbs that can be used in photothermal
therapy (26) or imaging (30). However, attachment of mAbs by
direct adsorption on CNTs involves a potential loss of the targeting
function of the mAbs and, indeed in the study cited, specificity
controls were not reported, and cell viability studies showed 50%
collateral damage by the irrelevant mAb-CNT control after expo-
sure to NIR light (26). In another very elegant study, mAbs were
covalently attached to CNTs to deliver radionuclides to cells (28).
These studies achieved their goal of killing target cells by radio-
therapy and showed both linkage stability and specific targeting.
However, because the objective of these studies was not to ablate
cells with NIR light, we do not know whether the optical properties
of the CNTs were preserved.

Having demonstrated excellent specificity of both targeting
and thermal ablation in vitro, the next step is to evaluate the
pharmacokinetics, biodistribution, toxicity, and activity of these
mAb-CNT constructs in vivo.

Materials and Methods
Materials. Purified CNTs (HiPco) were purchased from Carbon Nanotechnolo-
gies. The polar lipid DSPE-PEG(2000) biotin was purchased from Avanti Polar
Lipids. Mouse IgG1 anti-human CD22 (RFB4) and mouse IgG anti-human CD25
(RFT5) were prepared and purified in our laboratory at UT Southwestern
Medical Center. Traut’s reagent and MBS were purchased from Pierce/
Endogen. NA was purchased from Accurate Chemical and Scientific.

Cell Culture. Daudi cells (American Type Culture Collection) were cultured in
RPMI 1640 medium (Sigma) containing 1% antibiotic-antimycotic mixture
(penicillin/streptomycin/Amphotericin B) (Sigma), 10% heat-inactivated FCS
(HyClone), and 2 mM L-glutamine (Sigma) (complete medium). PBMCs from
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Fig. 5. Ablation of mAb-CNT-coated cells with NIR. One million cells were
incubated with saturating concentrations of RFB4-CNTs or RFT5-CNTs. Cells
were dispensed into 96-well plates, exposed for 7 min to 808-nm NIR light (5
W/cm2), pulsed with 1 �Ci [3H]thymidine, and harvested 12 h later. The
incorporated radioactivity was measured by liquid scintillation counting from
triplicate samples. The percentage of radioactivity incorporated by each sam-
ple was calculated relative to corresponding nonirradiated sample. (a) The
specific killing by RFB4-CNTs of Daudi cells using RFT5-CNTs as a negative
control (P � 0.0001). (b) The specific killing of RFT5-CNT on activated PBMCs
(�95% T cells) using RFB4-CNTs as a negative control (P � 0.0001). Data
represent mean � SD of at least three independent experiments. (c) The
stability of the mAb-CNTs in vitro was determined by incubating them in
mouse serum at 37°C for 0, 24, 48, and 72 h. At each time point, the mAb-CNTs
were washed with PBS, incubated with Daudi cells, and exposed to NIR light
as described above. The activity of the RFB4-CNTs at the different time points
remained unchanged. *, P � 0.0001; **, P � 0.05 for the values obtained at the
corresponding time points with RFT5-CNTs. Data represent mean � SD of
three independent experiments.
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normal healthy donors were isolated from the fresh heparinized blood by
Ficoll-Paque PLUS (GE Healthcare) density gradient centrifugation. Normal
activated CD25� cells were generated by culturing the PBMCs for 72 h at 1 �
106 cells/ml in complete medium supplemented with 5 �g/ml PHA (Sigma).

CNT Solubilization by Biotinylated Polar Lipids and Characterization. Degassed
ultrapure deionized (DI) water was used for all solutions. CNTs (0.3 mg) were
suspended in 1 ml of 166 �M DSPE-PEG(2000)-biotin. The mixture was soni-
cated with a 2-mm probe tip connected to a Branson Sonifier 250 (VWR) for 10
min at a power level of 10 W, with the sample immersed in an ice water bath.
To remove excess DSPE-PEG-biotin, samples were washed twice in DI water by
centrifugation for 15 min at 90,000 � g at 4°C. The supernatant was discarded,
the pellet was resuspended in 1 ml of DI water, and the procedure was
repeated. The samples were then centrifuged two times for 10 min at 16,000 �
g at room temperature, and the upper 50% of the supernatant containing the
B-CNT was recovered. To obtain more concentrated samples, the B-CNT sus-
pension was centrifuged for 60 min at 16,000 � g at 4°C, the supernatant was
discarded, and the pellet was resuspended in 0.2 ml of DI water.

Sample concentration was detected by TGA using a Pyris-1 thermal gravi-
metric analyzer (PerkinElmer) equipped with a high-temperature furnace and
sample thermocouple. AFM was performed in air under ambient conditions by
using a Digital Instruments Nanoscope III Multimode scanning probe micro-
scope (Veeco Metrology). Images were acquired in the TappingMode by using
cantilevers with 0.9 Nm�1 force constants as described (32). A dual-beam
Lambda 900 UV-Vis-NIR spectrophotometer (PerkinElmer) with a scan speed
of 25 nm/min and a 0.4-s integration time was used for absorption spectra.
Raman spectroscopy at 633-nm excitation was performed with a LabRAM
high-resolution confocal Raman microscope system (Jobin Yvon). Wave num-
ber calibration was performed by using the 520.5-cm�1 line of a silicon wafer;
the spectral resolution was �1 cm�1 as described (33). TEM was performed
with a JEOL JEM-1200EX II electron microscope. The B-CNT dispersion was
probed with 5-nm gold beads labeled with goat antibiotin (Kirkegaard & Perry
Laboratories), and then imaged.

Preparation of mAb-NA Conjugates. To couple the B-CNTs to mAbs, we used a
modified protocol (34). Briefly, 10 mg of RFB4 or RFT5 in 1 ml of 0.15 M borate
buffer, 0.1 mM EDTA, pH 8.5 were thiolated by incubation for 1 h at room
temperature with a 20:1 molar excess of Traut’s reagent. After incubation, the
reaction was quenched with 0.1 M glycine. In parallel, 10 mg of NA dissolved
in 1 ml of 0.01 M PBS, 0.1 mM EDTA, pH 7.4, was activated by 30-min incubation
at room temperature by using a 6:1 molar excess of MBS. The unreacted Traut’s
reagent and MBS were removed by gel filtration on Sephadex G-25 columns
in 0.01 M PBS, 0.1 mM EDTA, pH 7.4. The thiolated mAb was conjugated to the
activated NA at a molar ratio of 1:2 for 2 h at room temperature with gentle
shaking. The resultant conjugate was purified by gel filtration on a Sephacryl
S-300 HR column (GE Healthcare) by using 0.1 M PBS, 0.05% Tween-20, pH 7.4.
The protein concentration in the purified conjugate was quantified by using
the BCA assay (Pierce/Endogen). The size and integrity of the conjugate was
analyzed by Western blot. The samples were electrophoresed on a 7.5%
nondenaturing polyacrylamide gel and transferred to PVDF membranes (Bio-
Rad), probed with HRP-labeled sheep anti-mouse IgG, and visualized by using
an enhanced chemiluminescence system (GE Healthcare).

Competition ELISA. NA-coated 96-well plates were blocked with 1% BSA in 0.01
M PBS, 0.05% Tween-20 (PBST) for 1 h. B-CNTs were added to each well together
with biotin-labeled HRP and incubated for 1 h. After washing five times with
PBST, the substrate ABTS was added, and absorbance was measured at 405 nm.
The amount of biotin bound to the CNTs (biotin mmol/�g B-CNT) was calculated
by using a standard curve constructed by plotting OD against the biotin concen-
tration (ng/ml) prepared by coincubating increasing amounts of biotin in the

presence of a constant amount of HRP-biotin. A similar procedure was used to
detect the amount of NA in mAb-NA conjugates.

Preparation of mAb-CNT Conjugate. Fresh mAb-CNTs were prepared immedi-
ately before use by mixing B-CNT with mAb-NA in a 1:2 (wt/wt) ratio. The
mixture was placed on a rocker for 35 min at room temperature and vortexed
gently every 5 min. After coupling, the mixture was centrifuged for 5 min at
16,000 � g at 4°C, the supernatant containing unreacted mAb-NA was dis-
carded, and the pellet was resuspended in 40 �l of PBS for every 3.6 �g of
B-CNT and used immediately.

Binding of mAb-CNTs to Target Cells. One million Daudi cells or PHA-activated
PBMCs (�95% CD25� cells) were incubated with the mAb-CNTs for 20 min at
4°C in PBS. Cells were washed two times with ice-cold PBS and then incubated
with either PE-SA (Jackson ImmunoResearch) or FITC-GAMIg (Kirkegaard &
Perry Laboratories) for 20 min at 4°C. The cells were washed two times with
ice-cold PBS and resuspended in 0.5 ml of PBS, and the bound fluorescence was
analyzed on a FACScan (Becton Dickinson).

Determination of the Amount of B-CNTs Bound per Cell. One million Daudi cells
were incubated with saturating amounts of RFB4-NA or RFT5-NA for 15 min at
4°C in PBS. Cells were washed two times with ice-cold PBS, incubated with
incremental amounts of B-CNT for 20 min at 4°C in PBS, and then washed two
times with ice-cold PBS. The amount of B-CNT bound to cells was determined
by measuring the absorbance at 808 nm of the B-CNT suspension before and
after incubation with Daudi cells. The amount of B-CNT bound per cell was
determined by using the extinction coefficient [�0.1% 	 25 (mg/ml)�1] calcu-
lated from the linear fit (Beer-Lambert law) of absorbance at 808 nm versus
the B-CNT concentration.

Ablation of mAb-CNT-Coated Cells with NIR Light. One million cells were
incubated with 40 �l of the mAb-CNTs in PBS for 20 min at 4°C. Cells were
washed three times with ice-cold PBS, and then 105 cells were dispensed in
triplicate wells in a 96-well plate in 200 �l of complete medium. The cells were
exposed to continuous NIR light by using a FAP-Sys-30W 805- to 811-nm laser
system (Coherent) for 7 min at 5 W/cm2. Cell death was assessed by pulsing the
cells for the next 12 h with 1 �Ci [3H]thymidine per well, and the incorporated
radioactivity was measured by liquid scintillation counting. The incorporated
radioactivity for each sample was calculated relative to the corresponding
nonirradiated samples. For functional stability, mAb-CNTs, prepared as de-
scribed above, were suspended in 0.1 ml of mouse serum (Sigma) and incu-
bated at 37°C for 0–72 h. At each time point, the suspension was washed with
ice-cold PBS, and the pellet was resuspended in 40 �l of PBS. The ablation of
mAb-CNT-coated Daudi cells with NIR light was tested as described above.

Statistics. Data were analyzed by using Student’s t test. Values are given as
mean � SD. P � 0.05 was considered statistically significant.
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CD22 is broadly expressed on human B cell lymphomas. Monoclo-
nal anti-CD22 antibodies alone, or coupled to toxins, have been
used to selectively target these tumors both in SCID mice with
xenografted human lymphoma cell lines and in patients with B
cell lymphomas. Single-walled carbon nanotubes (CNTs) attached
to antibodies or peptides represent another approach to targeting
cancer cells. CNTs convert absorbed near-infrared (NIR) light to
heat, which can thermally ablate cells that have bound the CNTs.
We have previously demonstrated that monoclonal antibodies
(MAbs) noncovalently coupled to CNTs can specifically target and
kill cells in vitro. Here, we describe the preparation of conjugates
in which the MAbs are covalently conjugated to the CNTs. The
specificity of both the binding and NIR-mediated killing of the
tumor cells by the MAb-CNTs is demonstrated by using
CD22

1
CD25

2
Daudi cells, CD22

2
CD25

1
phytohemagglutinin-

activated normal human peripheral blood mononuclear cells, and
CNTs covalently modified with either anti-CD22 or anti-CD25.
We further demonstrate that the stability and specificity of the
MAb-CNT conjugates are preserved following incubation in
either sodium dodecyl sulfate or mouse serum, indicating that
they should be stable for in vivo use.
' 2009 UICC

Key words: Single-walled carbon nanotube; monoclonal antibody;
near-infrared thermal ablation; cancer therapy

The ability of carbon nanotubes (CNTs) to absorb near-infrared
(NIR) radiation (700–1100 nm) and convert it into heat provides an
opportunity to create a new generation of immunoconjugates for
cancer photo-therapy.1–3 In brief, NIR light can effectively and
safely penetrate normal tissue and ablate any cells to which the
CNTs are attached. The use of NIR-resonant nanostructures, includ-
ing gold nanoshells, gold nanorods, and CNTs, to thermally ablate
cancer cells is being explored by several groups.2,4–8 In addition to
its intrinsic lethal effects, hyperthermia has been clinically used in
the treatment of solid tumors because it can enhance the efficiency
of chemo- or radiotherapy.9,10 Hyperthermia also preferentially
increases the permeability of tumor vasculature compared to normal
vasculature, which can enhance the delivery of drugs to tumors.

One critical aspect concerning the therapeutic use of CNTs is their
tissue biodistribution, blood circulation time, and toxicity. Recent
pharmacokinetic (PK) studies in experimental animals have reported
that CNTs functionalized with non-covalent and covalent dispersants
have a blood circulation half-lives (t1/2) ranging from 30 min to 3 hr,
in mice3,11 or 1 hr, in rabbits.12 Similar studies reported that the level
of CNTs in mice was reduced to 5% of the injected dose per gram
(ID/g) within 1.2 to 5 hr, in case of noncovalently functionalized
CNTs13 or to less than 3% ID/g, in case of covalently functionalized
CNTs.14 Of note, none of these studies reported apparent toxic
effects during the observation time. Another critical aspect for the
selective CNT-mediated thermal ablation of cells is the physiologi-
cal stability of the linkage between the targeting moieties and the
CNTs. To date, the targeting of CNTs to tumor cells for NIR-medi-
ated killing has been accomplished by non-covalently coating CNTs
with cell-binding ligands such as peptides or monoclonal antibodies
(MAbs).2,8,15,16 We, too, have previously generated targeted CNTs

consisting of Neutravidin (NA)-conjugated MAbs attached to a bio-
tinylated (B) polymer that non-covalently coated the CNTs.17 These
conjugates were shown to selectively bind to and thermally ablate
tumor cells following the exposure of the targeted cells to NIR radia-
tion. The use of B-CNTs and NA-MAbs allowed us to ‘‘assemble’’
the targeted CNTs using any targeting MAb that could be bound to
NA. However, there is a potential limiting factor in applying this
strategy in animals because non-covalently attached molecules
might be displaced by other macromolecules in biological fluids,
resulting in the disassociation of the targeting moiety from the NIR-
absorbing nanostructure.12 For this reason, in the present study, we
tested an alternative strategy where the targeting molecule was cova-
lently coupled to the CNTs. In this approach, amide bonds are
formed between free amines on the MAbs and carboxylic acid
groups on the chemically oxidized CNTs.18–21 A potential disad-
vantage is that covalent modification of CNTs may interfere with
the electronic and optical properties of the CNTs. However, even
carboxylated CNTs retain significant background absorption in the
NIR region which may still support NIR-mediated photothermal
therapy.22,23 An advantage of using MAbs for targeting is their supe-
rior circulation time compared to that of CNTs. Thus, the t1/2 of mu-
rine MAbs in normal mice ranges from 121 hr (IgG2b) to 228 hr
(IgG3), in particular, 197 hr for the targeting MAbs used in this study
(IgG1),24 although, in tumor-bearing mice the presence of the tumor
might act as a sink for the injected MAbs and decrease their t1/2. The
attachment of MAbs to CNTs might, therefore, improve the t1/2 of
the CNTs and increase the chance to target the tumor.

The aim of this study was to design and prepare CNTs cova-
lently attached to anti-CD22 antibodies for the selective thermal
ablation of human B lymphoma cells. Herein, we describe the
physical properties of these CNT constructs, their selective bind-
ing to tumor cells, and the NIR light-induced thermal ablation of
the targeted tumor cells in vitro.

Material and methods

Antibodies and other reagents

Mouse IgG1 anti-human CD22 (RFB4)25 and mouse IgG1 anti-
human CD25 (RFT5)26 were prepared and purified in our labora-
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tory. Carboxyl-functionalized CNTs (purity � 80–90%, 3–6
atomic% carboxylic acid, and an average diameter of individual
CNTs 1.4 6 0.1 nm, as per manufacturer’s specifications) were
purchased from Sigma-Aldrich (St. Louis, MO). 1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) and
sulfo N-hydroxysuccinimide (NHS) were purchased from Pierce
Endogen (Rockford, IL). Enhanced green fluorescent protein
(EGFP) was purchased from BioVision (Mountain View, CA).
Fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG
(GAMIg) was purchased from Invitrogen (Carlsbad, CA).

Cell culture

Daudi cells (human Burkitt’s lymphoma cell line, American
Type Culture Collection, Manassas, VA) were cultured in RPMI-
1640 medium (Sigma) containing 1% antibiotic-antimycotic
mixture (penicillin/streptomycin/amphotericin B) (Sigma), 10%
heat-inactivated fetal calf serum (HyClone, Logan, UT), and
2 mM L-glutamine (Sigma) (complete medium). Peripheral blood
mononuclear cells (PBMCs) from normal healthy donors were
isolated from the fresh heparinized blood by Ficoll-Paque PLUS
(GE Healthcare, Piscataway, NJ) density gradient centrifugation.
Normal activated CD251 cells were generated by culturing the
PBMCs for 72 hr at 1 3 106 cells/ml in complete medium supple-
mented with 5 lg/ml phytohemagglutinin (PHA; Sigma). We
chose to use activated PBMCs since we could not identify an
established cell line that expressed high levels of CD25, one of
our 2 target antigens.

Preparation of MAb-CNT conjugates

Carboxyl-functionalized CNTs (0.5 mg) were dispersed in 1 ml
of 0.1 M 2-[N-morpholino]ethane sulfonic acid (MES) buffer, pH
4.5 with 0.2% Tween 20 (activation buffer) by sonication with a
2-mm probe tip connected to a Branson Sonifier 250 (VWR, West
Chester, PA) for 5 min at a power level of 10 W, with the sample
immersed in ice. The mixture was then centrifuged at 16,000g for
15 min to remove undispersed material. The supernatant contain-
ing the dispersed CNTs was recovered. The carboxyl groups on
the CNTs were activated by incubation for 30 min at room temper-
ature in 1 ml of 0.1 M MES buffer/0.2% Tween 20 containing
2 mM EDC and 5 mM NHS. The excess reagents were removed
by centrifugation in an Amicon Ultra-4 centrifugal filter unit
(Millipore, MA) and the CNTs were washed and filtered twice
with binding buffer (0.1 M phosphate buffered saline [PBS], pH
7.2 with 0.2% Tween 20). The activated CNTs were recovered in
1 ml binding buffer and reacted with 10 mg IgG anti-CD22
(RFB4) or IgG anti-CD25 (RFT5) MAb for 2 hr at room tempera-
ture by gentle rocking. Control experiments were carried out using
a mixture of MAb and non-activated, carboxyl-functionalized
CNTs. In both cases, the unreacted MAbs were removed by cen-
trifugation at 16,000g for 30 min. The supernatant containing
unreacted MAb was discarded, and the pellet was resuspended and
washed twice with 1 ml aliquots of PBS (10 mM, pH 7.4). After
each wash, the CNTs were briefly sonicated for 10 sec at a power
level of 10 W. The amount of CNT-bound MAbs was quantified
using the bicinchoninic acid (BCA) protein assay (Pierce Endogen)
and the CNT concentration was determined from the linear absorb-
ance at 808 nm observed over the concentration range of 0.2–60
lg CNT/ml, as determined using a DU-730 Beckman-Coulter UV–
Vis spectrophotometer (Fullerton, CA).16 To directly visualize the
binding of MAb-CNTs to target cells, CNTs were conjugated to
both MAb and EGFP. For the coupling reaction, 10 mg MAb and
100 lg EGFP were reacted with activated CNTs as mentioned
above. The binding of these fluorescent conjugates to target cells
was analyzed by both flow cytometry and fluorescent microscopy.
The stability of the conjugates was analyzed by electrophoresis on
7.5% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE).
The presence of any dissociated protein was detected by staining
with SimplyBlue SafeStain (Invitrogen, Carlsbad, CA).

MAb-CNT analyses

Atomic force microscopy (AFM) images (2.0 3 2.0 lm for
diameter analyses and 5.0 3 5.0 lm for length analyses) of car-
boxylated-CNTs and RFB4-coupled CNTs were acquired in air
under ambient conditions using a Digital Instruments Nanoscope
III Multimode scanning probe microscope operated in the Tap-
pingMode.27 The instrument conditions included a reduced Z-limit
(100–200 V) and cantilevers with average force constants and res-
onant frequencies of 5.0 N/m and 180 kHz, respectively. For car-
boxylated-CNTs and RFB4-coupled CNTs, 20 ll of the dispersion
was spun cast on to freshly cleaved mica at 3500 rpm for 30 sec.
The samples were dried in a desiccator overnight prior to imaging.

Background-corrected UV–Vis–NIR absorption spectra of car-
boxylated-CNT and MAb-CNT samples were obtained between
400 and 1100 nm using a dual-beam Lambda 900 UV–Vis–NIR
spectrophotometer (PerkinElmer, Waltham, MA) with a 0.48 sec
integration time at a scan speed of 125 nm/min. Raman spectra
were acquired using a LabRAM HR high resolution confocal
Raman microscope system (Horiba Jobin Yvon, Edison, NJ) as
described earlier.28 The laser excitation was provided by a 785 nm
diode laser (Renishaw, UK) operating at 300 mW. Wavenumber
calibration was performed using the 520.5 cm21 line of a silicon
wafer and the spectral resolution was �1 cm21. Using a 103
objective, Raman spectra were acquired from carboxylated-CNT
and MAb-CNT dispersions contained in 35 mm polylysine-coated
glass bottom ‘‘imaging’’ dishes (MatTek, Ashland, MA).

The binding of MAb-CNTs to target cells

A million Daudi cells or PHA-activated PBMCs (>95%
CD251 cells) were incubated with the MAb-CNTs (containing
1 lg CNT) for 15 min at 4�C in PBS and then washed twice with
cold 10 mM PBS, pH 7.4. Cells were subsequently incubated with
FITC-GAMIg for 15 min at 4�C and then washed twice with cold
PBS. The cells were then resuspended in 0.5 ml of PBS and the
bound fluorescence was analyzed on a FACScan (Becton Dickin-
son, San Jose, CA). Direct immunofluorescence staining was per-
formed with EGFP-conjugated RFB4-CNTs for 15 min on ice,
and washed with cold PBS. Half of the cells were analyzed by
flow cytometry. The other half were allowed to adhere to poly-
L-lysine-coated slides (Sigma) at room temperature for 20 min and
then were fixed with 3% paraformaldehyde for 10 min. The slides
were washed twice with PBS, rinsed with distilled water, air-dried,
and mounted with Vectashield mounting medium (Vector Labora-
tories, Burlingham, CA) containing 40,6-diamidino-2-phenylindole
(DAPI) as counterstain. The slides were examined under a fluores-
cence microscope (Axiophot, Zeiss, Germany) under a 633 objec-
tive using single-pass filters for FITC (green) and DAPI (blue) or
a dual-pass green/blue filter set.

To determine the amount of RFB4-CNTs necessary to saturate
Daudi cells, 106 cells were incubated with increasing amounts of
MAb-CNTs for 15 min at 4�C in PBS, washed two times with
cold PBS, and stained with FITC-GAMIg. The amount of MAb-
CNTs bound to cells was determined by flow cytometry.

NIR-mediated thermal ablation of cells targeted with MAb-CNTs

A million cells were incubated with MAb-CNTs containing
3 lg CNTs in PBS for 15 min at 4�C. Cells were washed 3 times
with cold PBS, and then 105 cells were dispensed in triplicate
wells in a 96-well plate in 200 ll complete medium. The cells
were immediately exposed to continuous NIR light using a FAP-
Sys-30W 805-811 nm laser system (Coherent, Santa Clara, CA)
for 4 min at 9.5 W/cm2. Cell death was assessed by pulsing the
cells for the next 12 hr with 1 lCi [3H]-Thymidine/well (GE
Healthcare Bio-Sciences, Piscataway, NJ) and the incorporated
radioactivity was measured by liquid scintillation counting. The
percent incorporated radioactivity for each sample was calculated
relative to the corresponding nonirradiated samples.
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Statistics

Data were analyzed by using Student’s t test. Values are given
as mean 6 SD. A p value <0.05 was considered statistically
significant.

Results

Preparation and analysis of the MAb-CNT conjugates

RFB4-CNTs and RFT5-CNTs were prepared by first activating
�0.5 mg of carboxylated CNTs with EDC and NHS. After the
excess reagents and urea by-product were removed, the NHS
ester-derivatized CNT suspension (�0. 25 mg CNTs) was trans-
ferred in 0.1 M PBS with 0.2% Tween 20 and coupled to RFB4 or
RFT5 for 1 hr at room temperature, which should lead to the for-
mation of amide bonds between primary amines on the MAbs and
the NHS-functionalized CNTs. To rule out the potential noncova-
lent attachment of IgG to CNTs, the nonactivated, carboxyl-func-
tionalized CNTs were incubated with MAbs under the same condi-
tions (control). Finally, these conjugates were transferred to
10 mM PBS by 3 cycles of centrifugation to remove free Tween
20 and unreacted MAbs from the solution. After every wash, the
CNT pellet was resuspended and sonicated for a few seconds to
generate a homogenous suspension with a recovery of 0.18 mg
CNTs. The concentration of CNTs was calculated from the
OD808 as previously described,17 whereas bound MAb was
detected using a BCA protein assay. Thus, we found 3 mg MAb/
mg CNT (0.02 lmol IgG/mg CNT) in the reaction product using
activated CNTs and undetectable levels of MAb in the noncova-
lent binding control. The solubility of such MAb-CNTs is main-
tained at a concentration up to 240 lg/ml. This result indicates
that the binding of the MAbs to the NHS-functionalized CNTs
was specific and covalent.

The dimensions of dispersed MAb-CNTs were determined
using AFM. Figure 1a shows a representative image of the CNTs
after attaching them to RFB4. The dried MAb-CNT sample
showed signs of cross-linking with lengths that ranged from 0.5 to
2.0 lm with an average length of 1.0 6 0.3 lm (number of meas-
urements, n 5 19). The lengths of the carboxylated-CNTs ranged
from 0.2 to 1.5 lm with an average length of 0.7 6 0.3 lm (n 5
31) (data not shown). The diameters of the MAb-CNTs ranged
from 9.0 to 20.0 nm with an average diameter of 12.3 6 2.5 nm
(n 5 20). The diameters of the carboxylated-CNTs ranged from
2.8 to 9.0 nm with an average diameter of 5.9 6 1.8 nm (n 5 20),
indicating a surface coating of the Tween 20 surfactant. Compar-
ing the diameters of the carboxylated-CNTs with those of the
RFB4-coupled CNTs suggests that the average 6 nM increase in
diameter can be attributed to the presence of the MAb. Although
AFM imaging confirmed the formation of the RFB4-CNT
conjugate, the nature of the linkage could be covalent and/or non-
covalent. To further investigate if the linkage was covalent, the
MAb-CNTs were dispersed in SDS and electrophoresed on a 7.5%
PAGE under nonreducing conditions. As shown in Figure 1b, no
IgG in the RFB4-CNT samples entered the running gel, demon-
strating that the CNT-bound IgG remained in the loading well
firmly attached to CNTs. In contrast, a MAb band was detected in
a control sample that contained a mixture of equivalent amounts
of MAb and carboxylated-CNTs that were not activated with EDC
and NHS. In summary, the combined evidence supports that the
linkage between the MAbs and the CNTs was covalent.

For their use in photothermal therapy, we next determined if the
optical properties and structure of the MAb-CNT conjugate were
affected by the covalent coupling. First, the UV–Vis–NIR absorp-
tion spectrum of MAb-CNTs (Fig. 1c) closely matched that of the
starting material (i.e., carboxylated-CNTs dispersed in aqueous
MES; data not shown) in that both displayed a large pie-plasmon
absorption band. Next, MAb-CNTs were analyzed using microp-
robe Raman spectroscopy (Fig. 1d). The G-band, observed at
�1590 cm21 in the Raman spectrum of the RFB4-CNT conjugate,
exhibited a G2/G1 line shape that is characteristic of single-

walled CNTs, and that was identical to the starting material. Inter-
estingly, the ratio of the areas of the D-band (at �1310 cm21) for
MAb-CNTs was more than 2-fold greater than that observed for
the original dispersed carboxylated-CNT material. Since the qual-
ity of CNT samples is often evaluated using this ratio, this
indicates that the MAb-to-CNT synthetic procedure additionally
purified. This result is in agreement with our previous results in
which >99% of metal impurities found in the as-received CNT
powder were removed by the sonication and centrifugation
steps.17,28 The detection of single-walled CNT resonances in the
radial breathing mode (RBM) region of Raman spectra acquired
from MAb-CNTs and the starting material (data not shown), com-
bined with AFM images and optical spectroscopy experiments,
provide strong evidence for the presence of CNTs in our immuno-
conjugate preparations.

Specific binding of MAb-CNTs to cells

For imaging purposes, we prepared CNTs coupled to both
MAbs and EGFP, and then determined the ability of these MAb-
CNT conjugates to bind to antigen1 but not antigen2 target cells
using flow cytometry. The cell-bound MAb-CNTs were detected
using FITC-GAMIg. We found that RFB4-CNTs bound well to
Daudi cells, whereas the RFT5-CNTs (negative control) bound
poorly (Figs. 2a and 2b). Conversely, RFT5-CNTs and RFT5
bound equally well to CD222CD251 PHA-activated PBMCs
(95% CD251 cells), whereas the negative control conjugate,
RFB4-CNT, did not (Figs. 2a and 2b). Additional experiments
using nonactivated, carboxyl-functionalized CNTs incubated with
targeting antibody (control) indicated no detectable binding to
cells (data not shown). This result indicates that CNTs are free of
adsorbed MAb. Taken together, these results demonstrate that the
MAb-CNTs bind specifically to antigen-expressing cells. The
binding to target cells was confirmed by flow cytometric analysis
of the CNTs cocoupled to targeting MAb and EGFP (Fig. 2c, left
panel) and fluorescence microscopy (Fig. 2c, right panel).

In separate experiments, we detected saturation levels of
MAb-CNTs on Daudi cells by adding from 0.25 to 4 lg CNTs,
containing an equivalent of 0.75–12 lg bound RFB4 (Fig. 3). The
results indicate that saturation is achieved at 0.25 lg CNTs.

The stability of the MAb-CNT conjugate was established by
incubating RFB4-CNTs (1 lg CNTs) in 500 ll mouse serum at
37�C for up to 24 hr. At the end of incubation, the RFB4-CNTs
were recovered by centrifugation and then tested for their ability
to bind to CD221 Daudi cells, using RFT5-CNT as the negative
control. As shown in Figure 4, we found that their binding was not
diminished.

Thermal ablation of target cells

We next determined whether cells targeted by the MAb-
CNTs could be thermally ablated following exposure to NIR
light. Cells were incubated with the MAb-CNTs in PBS for 15
min and, after the excess unbound CNTs were removed, cells
were suspended in culture medium and dispensed into 96-well
plates. The cells in the plate were exposed to an 808 nm laser
(9.5 W/cm2) for 4 min and pulsed for the next 12 hr with 1 lCi
[3H]-Thymidine to assess their proliferative capacity, which is
our standard method to measure cell viability. When compared
with the nonbinding control RFT5-CNTs, the viability of the
RFB4-CNT-treated Daudi cells was significantly (p < 0.01)
reduced following exposure to NIR light (Fig. 5a). Conversely,
when activated PBMCs were used as target cells, RFT5-CNTs,
but not the control RFB4-CNTs, killed the cells following expo-
sure to NIR light (Fig. 5b). The selective photothermal damage
responsible for the inhibition of proliferation was confirmed
under light microscopy as the loss of morphological integrity in
Daudi cells pretreated with RFB4-CNT (Fig. 6b) but not in
untreated or control treated cells (Figs. 6a and 6c). The prolifer-
ation of cells treated with MAb-CNTs in the absence of NIR
was significantly lower (p < 0.05) than the proliferation of
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untreated cells (Figs. 5a and 5b). This may be due to an exten-
sive cross-linking of the target antigen by the CNT-bound
MAbs and subsequent signaling of growth arrest and/or apopto-
sis. This possibility is supported by the observation that cells
undergo massive clustering. Indeed, Daudi cells pretreated with
RFB4-CNTs formed ‘‘tissue-like’’ structure of aggregates with
large contact areas after 12 hr of incubation (Fig. 6e). In con-
trast, no aggregates (Fig. 6f) and no inhibition of cell prolifera-
tion (Fig. 5a) occurred when cells were treated with control
RFT5-CNTs. These indicate that the homotypic adhesion and
the concurrent inhibitory effect are receptor-dependent and do

not involve any CNT-mediated nonspecific adhesion. These
experiments demonstrate that the binding of the MAb-CNTs to
their target cells leads to their specific ablation following expo-
sure to NIR light and the overall inhibitory effect is further
enhanced by receptor hyper-crosslinking.

Discussion

CNTs have attracted considerable attention due to their remark-
able structural, electrical and mechanical properties. Their ability

FIGURE 1 – Physical and optical properties of RFB4-CNTs. (a) AFM image showing CNTs coated with MAbs. The enlarged inset shows
where the MAbs are presumably attached to the CNTs (white arrowheads). This AFM image is representative of AFM images acquired from
two unique MAb-CNT dispersions. (b) Stability of RFB4-CNTs. Purified RFB4-CNTs or a mixture of carboxylated CNTs and RFB4 (control)
were subjected to SDS-PAGE. Samples containing 2 or 5 lg CNTs were loaded on the gel. The stacking gel shows the accumulation of CNTs
whereas dissociated IgG migrated into the gel. The presence of dissociated protein was detected by staining with SimplyBlue SafeStain.
(c) Background corrected UV–Vis–NIR absorption spectrum of RFB4-CNTs. (d) Representative Raman spectrum (785-nm laser excitation) of
RFB4-CNTs (i.e., carboxylated-CNTs after covalent coupling of MAb) showing the D-band at �1310 cm21 and the G-band at �1590 cm21.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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to absorb NIR light and convert it into heat can be exploited for
killing tumor cells. The critical challenge is to selectively
deliver heat to tumor cells and not to normal tissues. In our pre-
vious study,17 as well as in published reports by others,2,8 the
selective NIR photothermal ablation of cells has been achieved
by using CNTs noncovalently attached to targeting ligands. A
concern of using noncovalently attached targeting ligands is that
the targeting ligand might dissociate from the CNTs in vivo.
Linkage stability and specific targeting can be achieved by
covalent attachment of the targeting moiety to CNTs. Thus,
McDevitt et al.14 used an ylide cycloaddition synthetic route to

covalently couple an anti-CD20 MAb to CNTs. However, the
objective of their study was to deliver radionuclides to cells, not
to ablate cells with NIR light.

Herein, we describe the use of MAbs covalently attached to
CNTs for targeting and NIR photothermal ablation of human B
lymphoma cells in vitro. The major findings to emerge from this
study are: (i) The MAbs were stably attached to the CNTs and the
�12 nm diameter 3 �1 lm long MAb-CNTs were well dispersed;
(ii) The MAb-CNT conjugates were chemically stable and free
from noncovalently attached MAb; (iii) The conjugates bound
specifically to target cells and the binding remained specific even

FIGURE 2 – Specific binding of MAb-CNTs to target cells. (a) Daudi cells or PHA-activated human PBMCs were stained with either RFB4-
CNTs or RFT5-CNTs (1 lg CNT) followed by FITC-GAMIg and cells were analyzed by flow cytometry. Histograms showing the staining with
RFB4-CNTs (blue line) and RFT5-CNTs (red line) are overlaid on the ones corresponding to unstained cells (grey line) in each panel. (b) The
results of three independent binding experiments are presented as means of % positive cells 6 SD. The binding of MAb-CNTs to target vs. non-
target cells was highly specific (p \ 0.01) (c) The binding of RFB4-CNTs to Daudi cells was confirmed by direct fluorescence using CNTs
coconjugated to RFB4 and EGFP. Cell binding was revealed by flow-cytometry (shown) and fluorescence microscopy (data not shown) as
described in the ‘‘Material and methods’’.
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after the MAb-CNTs were incubated in mouse serum and (iv) spe-
cifically targeted cells were thermally ablated following exposure
to RFB4-coupled CNTs and NIR light.

The chemical and binding stability of the MAb-CNT conju-
gates, as well as their stability in serum, are important features for
their use in vivo. However, one of the major concerns with the
covalent attachment of targeting ligands is that chemical stability
can increase at the expense of photothermal efficacy due to the
defects in the sp2 hybridization of the CNTs induced by chemical
functionalization.29 However, we found that chemical coupling of
the MAb to CNT did not destroy the optical properties critical for
the conversion of NIR light into heat. Indeed, the results of this
study and of our previous work17 indicate that there were no sig-
nificant differences in the selectivity and killing efficiencies
between noncovalently and covalently conjugates, using identical
targeting MAbs, MAb-CNTs of similar dimensions, and essen-
tially identical experimental conditions. Therefore, since both con-
structs thermally ablated target cells with the same efficiency and
selectivity, the data indicate that the pie-plasmon of oxidized-
CNTs is capable of absorbing NIR light and converting it to heat
under these conditions.

The potential cytotoxicity of CNTs has been of concern for their
use in animals. One of the major challenges is to minimize their
nonspecific interaction with serum proteins and/or cells and tissues
and increase their half-life in the circulation. In previous reports,
this was achieved by coating CNTs with biocompatible com-
pounds, such as hydrophilic uncharged polymers including poly-
(ethylene glycol). On noncovalent functionalization, CNTs appear
to be less cytotoxic than non-functionalized CNTs in vitro.29–32

Short-term studies found no toxic effects of the functionalized
CNTs in experimental animals3,11,12,33 even 4 months or longer
after systemic administration13 when CNTs persisted within liver
and spleen macrophages.

Relevant to our study, previous reports have indicated that
increased levels of carboxyl functionalization increases CNT solu-
bility and decreases their cytotoxicity.34 In this report, the viability
of cells cultured with nonbinding MAb-CNTs was indistinguish-
able from that of cells grown in the absence of CNTs. By contrast,
cells cultured with targeted-CNTs did not proliferate as well due
to receptor-mediated signaling of cell cycle arrest and/or cell
death. This has been observed previously using cross-linking
MAbs specific for different B cell surface markers and is therefore
not surprising.35,36 Regardless, this demonstrates that the CNT
conjugates described in this study are biocompatible with cells in
vitro. Importantly, when the cells were exposed to NIR light in the
study reported here, specific killing was uncompromised.

Previous reports indicated that noncovalently37–41 or cova-
lently42 functionalized CNTs are able to penetrate and to transport

FIGURE 3 – Saturation of Daudi cells with RFB4-CNTs. A million
cells were incubated on ice with RFB4-CNTs or RFT5-CNTs in con-
centrations ranging from 0.25 to 4 lg in a total volume of 200 ll of
PBS. After 3 washes with PBS cells were incubated with FITC-
GAMIg, washed and analyzed by flow cytometry. The results of three
independent binding experiments are presented as means of % positive
cells 6 SD.

FIGURE 4 – Binding stability of RFB4-CNTs. The stability of the
RFB4-CNTs in vitro was determined by incubating them (1 lg CNT)
in mouse serum at 37�C for 0, 4 and 24 hr. At each time point, the
RFB4-CNTs were recovered by centrifugation, washed with PBS and
incubated with Daudi cells and the positive binding detected by flow
cytometry. Data represent mean 6 S.D. of at least three independent
experiments.

FIGURE 5 – Specific killing of target cells by MAb-CNTs following exposure to NIR light. A million cells were incubated with MAb-CNTs
containing 3 lg CNTs in PBS for 15 min at 4�C. Cells were washed three times with ice-cold PBS, and then 105 cells were dispensed in tripli-
cate wells in a 96-well plate in 200 ll complete medium. The cells were exposed to continuous NIR light for 4 min at 9.5 W/cm2. Cell death
was assessed by pulsing the cells for the next 12 hr with 1 lCi [3H]-Thymidine/well and the incorporated radioactivity was measured by liquid
scintillation counting. The incorporated radioactivity for each sample was calculated relative to the corresponding nonirradiated samples.
(a) The specific killing of Daudi cells by RFB4-CNTs using RFT5-CNTs as the negative control. (b) The specific killing of activated PBMCs
(>95% T cells) by RFT5-CNTs using RFB4-CNTs as the negative control (*p < 0.01; **p < 0.05). Data represent mean 6 S.D. of at least three
independent experiments.
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various cargos inside mammalian cells including proteins, pepti-
des, and nucleic acids, although the mechanism of internalization
is still a matter of debate. Most of these studies depend on nonre-
ceptor-mediated internalization of CNTs, i.e. pinocytosis and
phagocytosis, and involve a high degree of nonspecificity. How-
ever, the major challenge for selective photothermal ablation of
tumor tissues is to avoid the nonspecific binding/internalization
that will cause damage to normal tissues following exposure to
NIR light. The use of specific ligands including MAbs is supposed
to provide selective CNT internalization via receptor-mediated
endocytosis. Relative to the targeting MAb used in this study,
reports of ours and others have shown that anti-CD22 MAbs are
rapidly internalized after binding to CD22 on a variety of B-cell
lines including Daudi.43–45 This internalization capability
explains, at least in part, the success achieved when CD22 has
been employed as a target molecule for delivering toxins into
neoplastic B-cells.43,46 However, the anti-CD22 MAb and the
attached CNT require metabolic activity to accumulate in cells
because most of it remains at the cell surface after incubation at
4�C, when energy-dependent uptake ceases.47 In this study, cell
targeting and killing was achieved after a brief incubation with
MAb-CNTs on ice immediately followed by NIR irradiation. This
argues that the photothermal depletion under NIR light is due to
MAb-CNTs on the cell surface rather than inside the cells. The
magnitude of thermal damage might also depend on the cellular
localization of CNTs. It is, therefore, reasonable to speculate that
the extent of cellular damage will be substantially higher for the

same temperature spike released by CNTs at subcellular rather
than at plasma membrane level, as previously reported.2,8 This
will minimize the potential damage to adjacent normal tissues
in vivo. Although, CD22 has a rapid endocytosis rate following
ligation, it is very probable that the uptake of RFB4-CNT will be
substantially slower and lower than that of the targeting MAb due
to the increase in size. Indeed, previously published reports indi-
cate that the amount of internalized chimeric tetravalent RFB4 in
Daudi cells after 8 hr of incubation was �15% lower than that of a
divalent RFB4 due to a 33% higher molecular weight.48 The rate
of RFB4-CNT internalization and the consequences on the
efficiency of NIR mediated thermal ablation will be pursued in a
future study. On the long range, it will be important to compare
the in vivo behavior of both the noncovalent MAb-CNTs and the
covalent MAb-CNTs with regard to biodistribution, PK, and
toxicity. Such studies are ongoing in both normal and
tumor-bearing mice.
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